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One of the central questions in neuroscience is how
neural activity is organized across different spatial and
temporal scales. As larger populations oscillate and syn-
chronize at lower frequencies and smaller ensembles are
active at higher frequencies, a cross-frequency coupling
would facilitate flexible coordination of neural activity
simultaneously in time and space. Although various
experiments have revealed amplitude-to-amplitude and
phase-to-phase coupling, the most common and most
celebrated result is that the phase of the lower frequency
component modulates the amplitude of the higher fre-
quency component. Over the recent 5 years the amount
of experimental works finding such phase-amplitude
coupling in LFP, ECoG, EEG and MEG has been tre-
mendous (summarized in [1]). We suggest that although
the mechanism of cross-frequency-coupling (CFC) is
theoretically very tempting, the current analysis methods
might overestimate any physiological CFC actually
evident in the signals of LFP, ECoG, EEG and MEG. In
particular, we point out three conceptual problems in
assessing the components and their correlations of a
time series. Although we focus on phase-amplitude cou-
pling, most of our argument is relevant for any type of
coupling.
1) The first conceptual problem is related to isolating
physiological frequency components of the recorded sig-
nal. The key point is to noticet h a tt h e r ea r em a n yd i f -
ferent mathematical representations for a time series but
the physical interpretation we make out of them is
dependent on the choice of the components to be ana-
lyzed. In particular, when one isolates the components
by Fourier-representation based filtering, it is the width
of the filtering bands what defines what we consider as
o u rc o m p o n e n t sa n dh o wt h e i rp o w e ro rg r o u pp h a s e
change in time. We will discuss clear cut examples
where the interpretation of the existence of CFC
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Figure 1 Time-evolution of the amplitudes of high frequency components locked to the trough of a low frequency component (from 4 to 8
Hz) for random noise from an atmospheric source (left) and its square (right).
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any medium, provided the original work is properly cited.depends on the width of the filtering process. 2) A sec-
ond problem deals with the origin of spectral correla-
tions as detected by current cross-frequency analysis. It
is known that non-stationarities are associated with
spectral correlations in the Fourier space. Therefore,
there are two possibilities regarding the interpretation of
any observed CFC. One scenario is that basic neuronal
mechanisms indeed generate an interaction across dif-
ferent time scales (or frequencies) resulting in processes
with non-stationary features. The other and problematic
possibility is that unspecific non-stationarities can also
be associated with spectral correlations which in turn
will be detected by cross frequency measures even if
physiologically there is no causal interaction between
the frequencies. 3) We discuss on the role of non-linear-
ities as generators of cross frequency interactions. As an
example we performed a phase-amplitude coupling ana-
lysis of two nonlinearly related signals: atmospheric
noise and the square of it (Figure 1) observing an
enhancement of phase-amplitude coupling in the second
signal while no pattern is observed in the first.
Finally, we discuss some minimal conditions need to
be tested to solve some of the ambiguities here noted.
In summary, we simply want to point out that finding a
significant cross frequency pattern does not always have
to imply that there indeed is physiological cross fre-
quency interaction in the brain.
Author details
1Center for Research and Interdisciplinarity, Faculty of Medicine, Paris
Descartes University, Paris, 75014 France.
2Dept. Neurophysiology, Max-Planck
Institute for Brain Research, Frankfurt am Main, 60528 Germany.
3Frankfurt
Institute for Advanced Studies, Frankfurt am Main, 60438 Germany.
4MEG
Unit, Brain Imaging Center, Goethe University, Frankfurt am Main, 60528
Germany.
5Neural Systems and Coding, Max-Planck Institute for Brain
Research, Frankfurt am Main, 60438 Germany.
Published: 18 July 2011
Reference
1. Canolty RT, Knight RT: The functional role of cross-frequency coupling.
Trends in Cognitive Sciences 2010, 11(14):506-514.
doi:10.1186/1471-2202-12-S1-P303
Cite this article as: Aru et al.: Analyzing possible pitfalls of cross-
frequency analysis. BMC Neuroscience 2011 12(Suppl 1):P303.
Submit your next manuscript to BioMed Central
and take full advantage of: 
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at 
www.biomedcentral.com/submit
Aru et al. BMC Neuroscience 2011, 12(Suppl 1):P303
http://www.biomedcentral.com/1471-2202/12/S1/P303
Page 2 of 2